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Abstract Ferroelectric Pb1 − x − yCaxSryTiO3 thin films
(denoted by PCST90, PCST70, and PCST30) were de-
posited on the Pt/Ti/SiO2/Si substrates by a chemical so-
lution deposition method. Their properties were investi-
gated from the viewpoint of crystal structure, microstruc-
ture, dielectric, and ferroelectric properties. X-ray diffrac-
tion patterns revealed the formation of PCST90, PCST70,
and PCST30 thin films without any secondary phases. In-
frared and Raman spectroscopy results show that a grad-
ual phase transition from tetragonal to pseudocubic or cu-
bic perovskite structure may occur in PCST thin films with
the simultaneous increase of Ca2+ and Sr2+ contents. Both
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substitution of isovalent Ca2+ and Sr2+ at Pb2+-site en-
hanced the dielectric constant and reduced the remnant po-
larization. In addition, ferroelectric test analyses show that
the PCST thin films undergo a ferroelectric-to-paraelectric
phase transformation with an amount of Pb2+, Ca2+, and
Sr2+ at 30%, 35%, and 35% mol, respectively. Hence, the
absence of ferroelectric property may be attributed to a de-
creasing of the octahedron distortion in the perovskite struc-
ture accompanied by a weakening of long-range ferroelec-
tric order.
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1 Introduction
Ferroelectric thin films are currently the subject of sub-
stantial research as a key material for widespread appli-
cations, such as nonvolatile memory storage, high-density
capacitors, actuators, piezoelectric transducers, and pyro-
electric devices [1–4]. The integration with silicon elec-
tronics could be an important pathway for the next gener-
ation of device miniaturization. One of the challenges found
with this approach is the difficulty in preparing single-phase
multicomponent oxide systems, i.e., (0.95 − x)BaTiO3–
xCaTiO3–0.05SrTiO3 (BS5CT), (Pb,Ba)TiO3, (Pb,Sr)TiO3,
(Pb,Ca)TiO3, [Pb1−x−yLaxSry ][(ZrzTi1−z)(1−(x/4)−(5/4)k)
Nbk]O3 (PLSZTN) [5–9]. Namely, the simultaneous pres-
ence of isovalent and/or nonisovalent ions in octahedral
(AO6) and dodecahedral (BO12) sites are a significant part
in both chemical and physical properties of perovskite struc-
ture, i.e., catalytic activity and electro-optic properties, re-
spectively.
Although there are various methods for manufacturing
thin films, for example by radio frequency (RF) magnetron
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sputtering [10], molecular beam epitaxy [11], and pulsed
laser deposition [12], the chemical methods have been ex-
tensively used, in addition to having the advantages of pre-
cise composition control and homogeneity, low cost, and
short fabrication process [13, 14]. Unfortunately, physical
deposition methods used to grow thin films present stoi-
chiometry problems on account of the different vapor pres-
sures of the multiple-elements system involved.
Recently, Zhang et al. [15] reported that the A-site sub-
stituted Bi4Ti3O12 (BTO) thin films by La3+ for Bi3+
(BLT), B-site substituted Bi4Ti3O12 (BTO) by Zr4+ for Ti4+
(BTZ), and both A and B sites cosubstituted Bi4Ti3O12
(BTO) by La3+ for Bi3+ and Zr4+ for Ti4+ (BLZT) exhib-
ited an increased remnant polarization. Recent research has
also reported the fabrication of Nd–Cr or Sm–Cr cosubsti-
tuted BiFeO3 thin films, where the Bi-site was substituted by
Nd or Sm ions and Fe-site was substituted by Cr ions [16].
On the other hand, ceramic solid solutions involving
PbTiO3 are among the most extensively investigated ferro-
electric material and extremely interesting from a theoreti-
cal and experimental viewpoint. It is also interesting from a
practical applications viewpoint: for instance, they can be
very useful for pyroelectric infrared detectors because of
their relatively large pyroelectric coefficient [17, 18].
It is known that bulk single-phase PbTiO3 undergoes the
tetragonal (P4/mmm space group) to cubic (Pm-3m space
group) phase transition at 763 K [19]. The PbTiO3 com-
pounds of the general formula ABO3 are the basic build-
ing blocks of a great series of materials that may be tai-
lored in order to introduce changes in crystallographic,
electronic, optical, electrical, and microstructural proper-
ties. Such changes can be achieved by replacing the A
and/or B elements with other A′ and/or B′ elements at
AO12 and/or BO6 units with different radius and charge-
type forming compounds, i.e., A1 − xA′xBO3, AB1 − yB′yO3,
A1 − xA′xB1 − yB′yO3, or A1 − x − yA′xA′′yBO3.
However, the inherent anisotropy of PbTiO3 along the
c-axis causes a large tetragonal strain and makes PbTiO3
ceramics and thin films poling difficult. Meanwhile, it is
well known that many chemical and physical properties of
materials vary significantly with a small chemical composi-
tion change through doping or substitution. The substitution
of Pb2+ ion in the nominal PbTiO3 composition by Ca2+,
Ba2+, Sr2+, Bi3+, or La3+ cations in A-site effectively mod-
ulates the crystal structure parameters of PbTiO3, and thus
the system should undergo a series of structural transitions
from a tetragonal to a pseudocubic or orthorhombic phase
and, finally, to a cubic phase [20–22]. Recently, consider-
able attention has been paid to research on A-site substi-
tuted PbTiO3 thin films by Ca2+ for Pb2+ (PCT), Ba2+ for
Pb2+ (PBT) and Sr2+ for Pb2+ (PST) because of their po-
tential applications as piezo- and pyroelectric sensors and
due to their good ferroelectric and dielectric properties [23–
25]. Studies conducted by Bretos et al. [26] demonstrated
that the amount of Ca+2 in these materials modified their
structural and electrical properties, i.e., the grain size and
tetragonality of the thin films, and decreases as Ca2+ con-
tent increases. Investigations in Pb1 − xBaxTiO3 thin films
show that the biaxially-textured films on amorphous Si3N4
substrates (using MgO as a template layer) have presented
good ferroelectric properties [27].
In our earlier work, we studied the stoichiometric incor-
poration of calcium species into PbTiO3 perovskite struc-
tures [28, 29]. However, little work has been undertaken to
investigate the role of A-site substitution in a multicompo-
nent solid-state system, such as the Pb1 − x − yCaxSryTiO3
perovskite structure presented here and prepared by a chem-
ical solution deposition method known as soft chemistry
(which has the advantage of accurate stoichiometry and
highly mixable precursors). Yang and Haile [30] reported
the characterization of Pb0.5Ba0.5TiO3 (PBT) thin films
via a sol–gel route using acetylacetone as chelating agent
and ethylene glycol as solvent. Liu et al. [31] reported the
preparation and characterization of Pb0.25Ba0.15Sr0.60TiO3
(PBST) nanotubes arrays where glacial acetic acid,
2-methoxyethanol, and ethylene glycol were selected as sol-
vents. Qu and Tan [32] have synthesized antiferroelectric
Pb(Nb,Zr,Sn,Ti)O3 thin films by spin-coating technique.
Recently, Sun et al. [33] have studied Pb0.25BaxSr0.75 − x
TiO3 thin films with x = 0.05, 0.1, 0.15, and 0.2 on
Pt/Ti/SiO2/Si substrates. It was found that the structural,
microstructural, and electrical properties were strongly de-
pendent on the Ba content.
The challenge in preparing multicomponent oxides, such
as Pb1 − x − yCaxSryTiO3, by soft chemistry methods is to
ensure that all cationic species are sufficiently soluble in the
precursor solution.
In the present work, we are systematically investigating
the simultaneous influence of both strontium and calcium
cationic species at A-site of the compounds PbTiO3 (ABO3)
perovskite, mainly using XRD, IR reflectance spectra, and
Raman spectra, with the purpose of characterizing the pos-
sible phase transformations or symmetry change that may
occur at room temperature. Electrical measurements are also
used to characterize the possible phase transformations.
2 Experimental procedure
In our procedure for the Pb1 − x − yCaxSryTiO3 (abbreviated
as PCST) thin films synthesis, a polymeric resin was pro-
duced by means of the soft chemistry known as polymeric
precursor route [34]. The starting chemicals were lead ac-
etate trihydrate, calcium carbonate, strontium carbonate, and
titanium isopropoxide from Alfa Aeasar Co. Water, citric
acid and ethylene glycol were used as solvent, chelating,
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and polymerizing agents, respectively. Firstly, titanium cit-
rate was formed by the dissolution of titanium isopropox-
ide in a water solution of citric acid (70–80°C) under con-
stant stirring to homogenize the titanium citrate aqueous so-
lution. Secondly, the lead acetate trihydrate was dissolved
in water and then added, at a stoichiometric quantity, to the
titanium citrate aqueous solution, and CaCO3 was slowly
added while vigorously stirring it. After homogenization,
SrCO3 was slowly added resulting in a clear solution. Fur-
thermore, the small amount of citric acid was added to
stabilize the polymeric network structure. After homoge-
nization of the solutions containing Pb, Ca, and Sr cations
in the following stoichiometric relations: Pb(90%)/Ca(5%)/
Sr(5%) [PCST90], Pb(70%)/Ca(15%)/Sr(15%) [PCST70],
and Pb(30%)/Ca(35%)/Sr(35%) [PCST30], ethylene glycol
was added to promote mixed citrate polymerization by the
polyesterification reaction. With continued heating at 80–
90°C the solutions became more viscous although devoid
of any visible phase separation.
The viscosity of the deposition solutions were adjusted
to 12 mPa/s. Following the polymeric precursor the so-
lution was spin-coated on 10 mm × 10 mm substrates
[Pt/Ti/SiO2/Si] by a commercial spinner operating at
7000 rev./min for 20 s (spin-coater KW-4B, Chemat Tech-
nology) via a syringe filter in order to avoid particulate con-
tamination. A two-stage heat treatment was carried out as
following: initial heating at 400°C for 4 h at a heating rate
of 5°C/min in air atmosphere to pyrolyze the organic materi-
als and then followed by heating at 600°C for 4 h at a heating
rate of 5°C/min for crystallization. The described steps were
repeated four times to obtain the desired thickness of about
180–240 nm.
X-ray diffraction with Cu-Kα radiation was used to as-
sess the phase purity and possible texture developments of
the crystallized thin films. The diffraction spectrum was
recorded on a Rigaku D/Max 2400 diffractometer. Typical
2θ angular scans ranging from 20 to 60° in varying steps of
0.02° were used in these experiments. The morphology and
thickness of the thin films were characterized using a field-
emission scanning electron microscopy (FE-SEM) (FEG-
VP Zeiss Supra 35) using a lens secondary electrons detector
on freshly fractured film/substrate cross section.
The Raman measurements were taken with a T-64000
Jobin-Yvon triple monochromator coupled to a charge-
coupled-device (CCD) detector. An optical microscope with
a 100× objective was used to focus the 514.5 nm line of the
Coherent Innova 90 argon laser onto the sample. The power
was kept at 15 mW.
Infrared analyses were performed by using an Equinox/55
(Bruker) Fourier transform infrared (FTIR) spectrometer to
observe the variations in the chemical bond densities. The
FTIR reflectance spectra of the thin films were recorded at
room temperature in the frequency range of 350–1200 cm−1
using a 30° specular reflectance accessory.
Regarding the measurement of the electrical properties,
circular Au electrodes were prepared by evaporation through
a shadow mask with 4.9 × 10−2 mm2 dot area to obtain
an array of capacitors. The deposition was carried out un-
der vacuum down to 10−5 torr. The polarization hysteresis
nature of the film was analyzed using a ferroelectric tester
system RT-6000 HVS from Radiant Technologies Inc. in a
virtual ground mode. The frequency dependence of the ca-
pacitance and dielectric loss was measured by an Agilent
4294A Precision Impedance Analyzer in the frequency re-
gion of 100 Hz–10 MHz. The capacitance–voltage (C–V )
curves were measured using an Agilent 4294A Precision Im-
pedance Analyzer using an AC signal of 50 mV at 100 kHz.
All measurements were conducted at room temperature.
3 Results and discussions
The X-ray diffraction (XRD) patterns of the Pb1 − x − yCax
SryTiO3 thin films with different Ca and Sr contents (x =
0.05, 0.15, 0.35 and y = 0.05, 0.15, 0.35) annealed at 600°C
are shown in Fig. 1. These samples will be herein called
PCST90, PCST70, and PCST30. The diffraction patterns
of the pure CaTiO3, SrTiO3, and PbTiO3 thin films are
also presented for comparison. The X-ray patterns indicate
that the samples are polycrystalline and single phase. The
polycrystalline nature in these thin films is due to a lat-
tice mismatch between PCST and the Pt/Ti/SiO2/Si sub-
strate. All the diffraction peaks, except the strong peak at
2θ ∼ 39° belonging to the Pt substrates, are characteristic
of the perovskite structure without a prominent peak re-
lated to the secondary phases. XRD studies revealed that
Fig. 1 XRD patterns of (a) PbTiO3, (b) PCST90, (c) PCST70,
(d) PCST30, (e) SrTiO3, and (f) CaTiO3 thin films deposited on
Pt/Ti/SiO2/Si substrates
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Table 1 Lattice parameters for
the PCST thin films System Structure Parameters (a, b, c) (Å) Symmetry Cellular volume (Å3)
PbTiO3 Tetragonal a = b = 3.908; c = 4.110 P4mm 62.769
CaTiO3 Orthorhombic a = 5.379; b = 5.439; c = 7.638 Pbnm 223.460
SrTiO3 Cubic a = b = c = 3.906 Pm3m 59.593
PCST90 Tetragonal a = b = 3.908; c = 4.079 P4mm 62.296
PCST70 Tetragonal a = b = 3.905; c = 4.025 P4mm 61.377
PCST30 Cubic a = b = c = 3.892 Pm3m 58.954
Sr2+ and Ca2+ substitution at A-site on the composition
of Pb1 − x − yCaxSryTiO3 resulted in decreased ferroelectric
tetragonality. Lattice parameters and unit cell volumes of the
Pb1 − x − yCaxSryTiO3 thin films are reported in Table 1. In
addition, the lattice parameters of nominally pure PbTiO3,
CaTiO3, and SrTiO3 thin films are in good agreement with
the reference data [35–37]. Note that PCST90 and PCST70
thin films show similar structures with a stronger diffraction
peak (001/100). On the other hand, these two peaks shift
to higher angles with the increase of Sr2+ and Ca2+ con-
tent. Furthermore, only one peak appears in the 2θ range of
20–25° for PCST30 thin films. This may be due to a gradual
phase transition from the tetragonal to pseudocubic or cubic
structure with Sr2+ and Ca2+ simultaneous incorporation.
The structure changes in PCST thin films caused by
Sr2+ presence are different from those of Ca2+-modified
PCT thin films and ceramics. We noticed that all Bragg
reflection characteristics of SrTiO3 appear in the PCST30
thin films. This is due to the lattice contraction as Pb2+
is replaced by Sr2+ and Ca2+ mainly due to the smaller
ionic radius of Ca2+ and Sr2+ when compared to those
of Pb2+. In addition, the diffraction peaks characteris-
tics of PbTiO3, SrTiO3, and CaTiO3 are absent; this im-
plies that the Pb1 − x − yCaxSryTiO3 solid solutions were
formed. Therefore, from the observed systematic substan-
tial changes in the lattice parameters, we believe that the
majority of Ca2+ and Sr2+ ions are well substituted in the
Pb1 − x − yCaxSryTiO3 lattice. In addition, the XRD pattern
for PCST30 thin films is almost equal to that of SrTiO3.
Based on these results and considering that the ionic radius
of Sr2+ (0.144 nm) is about 28.5% larger than that of Ca2+
(0.112 nm), it might be plausible that the Sr2+ substitution,
compared with the Ca2+ substitution, will lead to larger
changes of the lattice parameters and to XRD patterns sim-
ilar to SrTiO3 as observed (Fig. 1). A similar result was re-
ported by Sun et al. [32] where the Pb0.25BaxSr0.75 − xTiO3
system for all samples (x = 0.05, 0.1, 0.15, and 0.20) re-
vealed a typical cubic perovskite structure observed from
the X-ray diffraction analysis.
Figure 2 shows the measured Raman scattering spectra
of the PCST90, PCST70, and PCST30 thin films at room
temperature. By fitting the measured spectra and decom-
posing the fitted curves into individual Lorentzian compo-
Fig. 2 Raman spectra of PbTiO3, Pb1 − x − yCaxSryTiO3 solid solu-
tion, SrTiO3, and CaTiO3
nents, the peak position of each component, i.e., the nat-
ural frequency of each Raman active mode was obtained for
the PCST thin films (see Table 2). Raman peak frequencies
are found to be extremely sensitive to Sr2+ and Ca2+ con-
tent in these samples, as shown in Table 2. In particular,
as it is well known, the lowest wavenumber A1(1TO) and
E(1TO) phonons (considered as the “soft” mode) originate
from Pb ions vibrating against TiO6 octahedra. In the case of
PCST90 and PCST70, the E(1TO) (soft mode) shows a shift
toward lower frequencies at 80 and 72 cm−1 respectively
indicating that the A-site Sr2+ and Ca2+ substitution af-
fect the tetragonality degree. When the Ca2+ and Sr2+ con-
tents approach (x + y) = 0.70, the E(1TO) mode frequency
tends to zero consistent with a tetragonal to pseudocubic
or cubic phase transition. In addition, we also observed a
strong similarity between the spectra SrTiO3 and PCST30
thin films. In order to describe the changes of Raman spec-
tra due to Sr2+ and Ca2+ contents, the Raman spectrum of
the other end member, SrTiO3 and CaTiO3 are compared.
The well-known phonon modes assignment was found in
the pure thin films of PbTiO3, CaTiO3, and SrTiO3 which
is supported in the literature [38–40]. In addition, for the
SrTiO3 no first-order Raman scattering is expected to oc-
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Table 2 Raman modes
frequencies (cm−1) of the thin
films PbTiO3, PCST90,
PCST70, PCST30, and SrTiO3
Modes PbTiO3 PCST90 PCST70 Modes SrTiO3 PCST30
E(1TO) 82 80 72 TO1 128 –
Subpeak 110 101 89 TO2 178 177
E(1LO) 129 128 125 E(2TO) – 195
Al(lTO) 148 147 136 B1g 249 241
E(2TO) 209 205 197 TO3/LO3 297 292
Bl + E 290 288 284 TO3/LO3 356 351
A1(2TO) 334 330 317 TO4 542 546
E(2LO) + A1(2LO) 444 447 454 TO4 + TO1 613 –
E(3TO) 503 509 520 2TO3 675 –
A1(3TO) 607 604 585 TO4+TO2 724 721
E(3LO) + A1(3LO) 707 713 723 LO4 797 –
E(3LO) + A1(3LO) 750 753 752
cur. Instead broad second-order peaks are observed at 200–
500 and 600–850 cm−1, as shown in Fig. 2. For SrTiO3 thin
films we observed clear second-order peaks near 128, 178,
249, 297, 356, 542, 613, 675, 724, and 797 cm−1 related
to the transversal-optical and longitudinal-optical phonons
in agreement with the literature [39]. On the other hand,
the Raman spectrum of CaTiO3 shows first-order Raman
peaks. This is in accordance with the orthorhombic struc-
ture obtained by other authors in literature [38]. Therefore,
in this comparison, the broad bands of PCST30 correspond
to the second-orders bands of the cubic phase of SrTiO3
which appear at room temperature. As a consequence, we
correlate the bands found at 177, 195, 241, 292, 351, 546,
and 721 cm−1 to PCST30 thin films most closely associ-
ated with a cubic than with the orthorhombic phase. How-
ever, in the Raman spectra for the corresponding composi-
tion (x + y = 0.70) we did not observe any new peaks that
might be assigned to the orthorhombic phase. This means
that the radial character Sr–O ionic bond plays a main role
in the structural phase change.
Information about the character of lattice vibrations and
their change with Sr2+ and Ca2+ contents in PbTiO3 crys-
tal lattice can be obtained from infrared studies. Therefore,
to corroborate the interpretations by analysis of XRD and
Raman spectroscopy, the PCST thin films were also struc-
turally characterized by infrared reflectance spectra. The
systematic infrared reflectance spectra of the Pb1 − x − yCax
SryTiO3 (x = 0.05, 0.15, 0.35 and y = 0.05, 0.15, 0.35) thin
films annealed at 600°C are shown in Fig. 3. The infrared
reflectance spectra of PbTiO3, SrTiO3, and CaTiO3 are also
shown for comparison.
As known from the literature and observed for our thin
films, the spectra of SrTiO3 are characterized by infrared ac-
tive transverse optical and longitudinal optical modes [41].
Three bands can be clearly seen for cubic SrTiO3 spec-
trum. Similarly, the CaTiO3 spectra display the characteris-
tics patterns for perovskites and are in agreement with the
literature [41]. The CaTiO3 consist of three bands which
correspond to the infrared-active vibrational modes in the
orthorhombic phase [41]. In addition, the principal bands
observed for pure PbTiO3, located in the regions of 500–
770 cm−1, may be assigned to the Ti–O bond stretching vi-
bration [42, 43]. The band at 875 cm−1, corresponding to
the irreducible representations A1(3LO), may be attributed
to the Pb–O stretching [44]. The infrared-active mode at
around 437 and 503 cm−1 were assigned to the Ti–O3 tor-
sion and to the Ti–O stretch, respectively.
We can easily recognize a series of changes of the spec-
tra by increasing Ca2+ and Sr2+ contents. Foremost, sev-
eral sharp absorption features are observed between 350 and
1500 cm−1.
In the spectra taken from PCST thin films of different
Sr2+ and Ca2+ contents, the band at 875 cm−1 for the
PbTiO3 thin film is observed to decrease in its intensity
and shifts to a lower wavelength with increasing Sr2+ and
Ca2+ contents. This behavior is obviously due to the con-
tribution of the new Sr–O and Ca–O vibrations absorbance
arising from the Sr2+ and Ca2+ enrichment in the crys-
tal lattice. Another effect is on the Ti−O bonding vibra-
tion, the infrared active modes at 682 and 769 cm−1 for
pure PbTiO3, gradually overlap into a single peak. There-
fore, the Ti–O stretching shifts to the corresponding mode
to a cubic SrTiO3 or orthorhombic CaTiO3 structure at 781
and 790 cm−1, respectively. For the mode at 437 cm−1
for pure PbTiO3 thin film assigned to the Ti–O3 torsion,
we observe shifts to the corresponding mode SrTiO3 or
CaTiO3 at 468 and 425 cm−1 associated with the LO mode.
While for modes at 503 and 587 cm−1 assigned to the Ti–O
stretch, it became less pronounced with x and y evolving at
x + y = 0.70 hence assuring evidence of a structural phase
transition, i.e., tetragonal for pseudocubic or cubic. There-
fore, for the case of PCST30 where x = 0.35 and y = 0.35
the number of the infrared active modes is less than the
number for PCST90 and PCST70. As a result only three
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Fig. 3 FT-IR reflectivity
spectra for PbTiO3, PCST90,
PCST70, PCST30, SrTiO3, and
CaTiO3. The inset shows detail
for PCST30, SrTiO3, and
CaTiO3 thin films. The dashed
lines represent the similarity
between PCST30 and SrTiO3
spectra assuming three infrared
active modes to cubic structure
infrared active modes were clearly seen. This implies that
the three modes at 463, 544, 746 cm−1 for PCST30 thin
film shift more significantly in direction to the cubic SrTiO3
(468, 540, and 781 cm−1) than to the orthorhombic CaTiO3
(426, 532, 791 cm−1) structure. Since Sr2+ and Ca2+ con-
centration are increasing, it is acts to destabilize the ferro-
electric tetragonal phase and causes a transition to paraelec-
tric pseudocubic or cubic phase in the PCST30 thin films at
room temperature. As in the case of PCST30, it reveals a
lowering of symmetry with respect to the idealized struc-
ture (a = 0.3905 nm, space group Pm-3m) of the cubic
phase. For the PbTiO3–SrTiO3–CaTiO3 ternary system, it
has been found that the characteristics of the infrared active
modes of tetragonal PbTiO3 are gradually transformed into
the infrared active modes corresponding to cubic SrTiO3
and that only displaced infrared active modes close to cubic
SrTiO3 are present at 35 mol% CaTiO3 and 35% SrTiO3;
thus, the PbTiO3–SrTiO3–CaTiO3 ternary system forms the
Pb1 − x − yCaxSryTiO3 solid solutions over a wide x and y
range. These results, together with the fact that the PCST30
perovskite compounds show spectra similar to SrTiO3, lead
to the conclusion that the observed infrared spectrum of
PCST30 can be explained by purely taking into account the
crystal symmetry and atomic positions in the pseudocubic
or cubic phase. No effect was observed which can be re-
lated directly to the occurrence of an orthorhombic phase
for PCST30 thin films. Therefore, the characteristics of pure
SrTiO3 thin film appear gradually, and the symmetry of pure
SrTiO3 and those of CaTiO3 thin films compete with each
other. Notice that these results are in agreement with the re-
sults presented by Raman and X-ray diffraction analysis in
which the structural change occurs in the tetragonal direc-
tion for pseudocubic or cubic phase transition.
The surface morphologies of the thin films were analyzed
using a field-emission scanning electron microscopy (FE-
SEM). Through FE-SEM, Fig. 4 illustrates the surface mor-
phology of thin films on platinum-coated silicon substrate
and it can be clearly observed that all the PCST thin films
are well crystallized and show a continuous fine grained
microstructure without any obvious cracks with an average
grain size of approximately 100, 70, and 50 nm for PCST90,
PCST70, and PCST30 thin films, respectively. The cross-
sectional image of the PCST thin films in Fig. 4 exhibits
formation of polycrystalline morphology and a distinctive
feature between the interface thin film and substrate. The
thickness of PCST90, PCST70, and PCST30 thin films were
measured to be approximately 180, 230, and 240 nm, respec-
tively.
The effects of A-site Ca2+ and Sr2+ substitution on elec-
tric properties of Pb1 − x − yCaxSryTiO3 thin films have been
studied. As indicated by XRD, Raman and FT-IR analy-
sis, A-site Ca2+ and Sr2+ substitution results in lower lat-
tice parameter, such as a, c, and c/a ratio, which may de-
crease the ionic displacement and/or octahedral distortion
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Fig. 4 Surface morphologies of (a) PCST90, (b) PCST70, and
(c) PCST30 thin films. The inset shows the cross section of thin films
thus decreasing the Pr value. Obvious ferroelectric behav-
iors are observed in the PCST90 and PCST70 thin films, in
spite of the fact that Pb2+ ion was substituted by Ca2+ and
Sr2+ ions, the displacement of Ti4+ ion inside TiO6 octa-
hedral results in the noncentrosymmetric ferroelectric order
which is expected to show a high value of remnant polar-
ization than the value for PCST30. In the case of PCST30
thin films, Ca2+ (x = 0.35) and Sr2+ (y = 0.35) substitu-
tion reduce the structural distortion. That is to say PCST30
Fig. 5 Polarization hysteresis loops of the PCST90, PCST70, and
PCST30 thin films at room temperature
might have relatively less Pr values than PCST90 and
PCST70, as experimentally established in Fig. 5. Therefore
at x = y = 0.35, the low Pr value confirms the ferroelectric–
paraelectric transition that can be checked by C–V curves.
The measured value of remnant polarization (Pr ) and co-
ercive field (Ec) were 47 µC/cm2 and 138 kV/cm for the
PCST90 film, 15 µC/cm2 and 87 kV/cm for the PCST70
film, and 1 µC/cm2 and 79 kV/cm for the PCST30 film, re-
spectively. In order to confirm the results shown in Fig. 5,
the capacitance dependence as a function to the applied volt-
age for all PCST thin films was investigated, Fig. 6. The
butterfly shape of the curves was observed for decreasing
and increasing voltages for both polarities for PCST90 and
PCST70 thin films. This behavior is related to the presence
of ferroelectric domains. In contrast, a drastic change in the
C–V curves for PCST30 was observed, the butterfly shape
of the curves was not observed indicating that the contribu-
tion of the ferroelectric domains and the off-center distor-
tion in the perovskite structure is very small and/or absent
at room temperature. Accompanied with this ferroelectric–
paraelectric transition, the relative displacement between
Ti4+ ion and the O2− octahedron along the c-axis in the
tetragonal PCST90 and PCST70 thin films disappears lead-
ing to more centrosymmetric symmetry in our PCST30 thin
film. This observation can be inferred from more indirect
evidence such as reduction in spontaneous polarization.
The room temperature dielectric permittivity and dielec-
tric loss of the PCST thin films as a function of frequency
for different Ca2+ and Sr2+ contents are given in Fig. 7.
The room temperature dielectric permittivity of thin films
increases with increasing x and y up to 0.35, as shown
in Fig. 7. The following factors may account for the ob-
served behavior: (1) increasing the Ca2+ and Sr2+ content
moves the composition closer to a possible existence of the
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Fig. 6 Capacitance–voltage characteristic of the PCST thin films with
different Ca and Sr contents at 100 kHz
morphotropic phase boundary in the Pb1 − x − yCaxSryTiO3
solid solution and (2) decrease of the ferroelectric nature by
the breakage of tetragonal to pseudocubic or cubic struc-
ture leads to a ferroelectric-to-paraelectric phase transition
near to room temperature. The measured dielectric permit-
tivity for PCST90, PCST70, and PCST30 thin films were
Fig. 7 Dielectric constant and dielectric loss of the PCST thin films at
room temperature
Table 3 Dielectric constant of PCST thin films herein obtained and
according to the literature measured at 1, 10, 100 KHz and 1 MHz
Thin films Dielectric constant Reference
1K 10K 100K 1M
Pb0.90Ca0.05Sr0.05TiO3 592 542 504 467 This work
Pb0.70Ca0.15Sr0.15TiO3 629 570 528 489 This work
Pb0.30Ca0.35Sr0.35TiO3 733 660 600 548 This work
Pb0.25Ba0.20Sr0.55TiO3 1390 [33]
Pb0.25Ba0.05Sr0.70TiO3 627 [33]
Pb0.30Sr0.70TiO3 630 [46]
Pb0.40Sr0.60TiO3 473 [45]
Pb0.60Sr0.40TiO3 482 [47]
Pb0.40Sr0.60TiO3 900 [47]
Pb0.70Sr0.30TiO3 425 [48]
Pb0.80Ca0.20TiO3 308 [49]
Pb0.80Ca0.20TiO3 184 175 [27]
Pb0.90Ca0.10TiO3 270 [50]
Pb0.70Ca0.30TiO3 329 302 [28]
Pb0.80Ba0.20TiO3 118 [51]
approximately 504, 528, and 600 at a frequency of 100 kHz,
respectively. At the same frequency, the dielectric loss of
the PCST90, PCST70, and PCST30 thin films were mea-
sured to be 0.05, 0.05, and 0.06, respectively. In addition,
recent investigations by Sun et al. [33] on the behavior of
the dielectric properties in Pb0.25Ba0.05Sr0.75TiO3 thin films
prepared by sol–gel method presented dielectric permittivity
and dielectric loss values close to 627 and 0.02 measured at
1 MHz, respectively. Table 3 shows the dielectric permit-
tivity of thin films measured at room temperature compared
with other thin films reported elsewhere.
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4 Conclusions
In this study, a very efficient and inexpensive chemical
method to produce good quality Pb1 − x − yCaxSryTiO3 thin
films, composed of complex multicomponent oxide, was
expounded. X-ray diffraction patterns revealed the for-
mation of PCST thin films without any detectable sec-
ondary phase. The simultaneous incorporation of isovalent
Ca2+ and Sr2+ in the PbTiO3 lattice decreased the tetrago-
nality and significantly reduced the octahedron distortion
thereby promoting suppression ferroelectric character at
room temperature. FTIR and Raman data clearly confirmed
a noticeable symmetry change to PCST90, PCST70, and
PCST30 thin films. It revealed that Sr2+ modification in
the Pb1 − x − yCaxSryTiO3 lattice which was incorporating
simultaneously with Ca2+ plays a dominant role in influ-
encing tetragonal to pseudocubic or cubic phase transition
suggesting that the tetragonal and/or orthorhombic phase is
slightly destabilized and/or is weakened at x and y = 0.35.
This result confirms the crystal lattice trends towards the
cubic stability phase. In addition, the A-site substitution
of Pb2+ ion has shown to weaken the long-range ferroelec-
tric activity, to induce the ferroelectric-to-paraelectric tran-
sition accompanied by change of infrared, Raman scattering
spectra, and mainly by remnant polarization values at x and
y = 0.35.
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